ABSTRACT: Experimental infection of Atlantic salmon Salrno salar parr and post-smolts with pancreas disease infective kidney homogenate induced a highly significant protection against the disease following exposure to challenge infections at either 3 , 4 , 7 or 9 mo after the initial infection. Protection was maintamed in fish infected as parr and exposed to a challenge infection following smolting and sea water transfer. A carrier status was not demonstrated in immune fish since homogenates of kidneys taken 1 and 2 wk post-challenge were not infective, unlike homogenates of kidneys from non-immune fish.
INTRODUCTION
and whether protection can be maintained following the parr-to-smolt transformation and subsequent sea Pancreas disease (PD) has been reported to occur in water transfer. In addition, the carrier status of recovfarmed Atlantic salmon in Scotland, Ireland, Norway ered fish was also investigated. and the western USA (Munro et al. 1984 , Kent & Elston 1987 , Poppe et al. 1989 , Murphy et al. 1992 ) and more recently in Spain and France (McVicar pers. comm.) .
MATERIALS AND METHODS The disease was first recorded in Scotland in 1976 and results in the total necrosis of the acinar cells of the Fish. Atlantic salmon Salmo salar were maintained exocrine pancreas although the endocrine pancreas at the Fish Cultivation Unit of the Marine Laboratory, appears to be unaffected (Munro et al. 1984, McVicar Aultbea, Wester Ross, Scotland, UK. Salmon parr were 1987). The disease only occurs in the sea water phase obtained either from a commercial fish farm (Expts 1 of salmon growth and can lead to significant economic & 2) or reared at the Fish Cultivation Unit as were the loss.
post-smolts. The Fish Cultivation Unit has a history of McVicar (1987) suggested the disease was caused being free of PD and infectious pancreatic necrosis by an infectious agent, possibly of viral aetiology, but virus (IPNV). Furthermore, experimental fish were numerous attempts to culture the agent have failed.
tested prior to experimentation, to ensure the absence However, experimental transmission of the disease is of IPNV. Samples were also taken for histology to now well established (McVicar 1990, Raynard & ensure fish were free of PD. Houghton 1993).
Salmon parr were maintained in 1 m diameter tanks To date there has been no experimental evidence containing 350 1 of water supplied from an enclosed that fish can acquire protection to PD, although it has freshwater loch at a rate of 10 1 min-I tank-'. Salmon been suggested that this may occur on farms post-smolts were maintained in either 2 m2 tanks (McVicar 1987) . The aims of the present work were to (Expt 3) or 1 m diameter tanks (Expts 4 & 5) containinvestigate acquired protection of Atlantic salmon parr ing sea water, supplied via a settling reservoir, from and post-smolts to PD following experimental infection Loch Ewe at a rate of approximately 15 1 min-' for the 1 m tanks and at a rate of 20 l min-I for the 2 m tanks. The water temperatures were seasonally variable, ranging from 4 to 20°C in fresh water and from 10 to 15 "C in sea water, and are recorded in the results. For freshwater challenges, heated water at 14 "C was used for the duration of the challenge. Fish were fed a standard commercial diet by automatic feeders to satiation (mainstream diets; BP Nutrition). Salmon parr were allowed to acclimate in tanks for 4 wk prior to experimentation. Post-smolts were allowed to acclimate in tanks for 5 wk post sea water transfer. Prior to handling, freshwater parr were anaesthetised in ethyl-4-aminobenzoate (benzocaine; BDH, UK) dissolved in ethanol and post-smolts were anaesthetised in 3-aminobenzoic acid ethyl ester (MS222; Sigma, UK). Histology. For histological examination of the pancreas, pyloric caeca with pancreas were fixed in 20% buffered form01 saline, embedded in paraffin wax and 5 Fm sections cut and stained with haematoxylin and eosin. Assessment of PD pathology was carried out according to Raynard & Houghton (1993) .
Preparation of kidney homogenates. Negative or positive kidney homogenates were prepared in phosphate buffered saline (PBS), pH 7.2, without calcium and magnesium (Gibco, UK) following the method of Raynard & Houghton (1993). The dose used was determined by measuring the protein concentration following procedure 609-A (Sigrna). The term 'negative' kidney homogenate refers to a kidney homogenate made from the kidneys of fish which have not previously been infected with PD. The term 'positive' kidney hornogenate refers to a kidney homogenate made from the kidneys of fish which have been experimentally infected with PD, and which was known by experimentation to be capable of transmitting PD upon injection into naive fish (see Raynard & Houghton 1993). All kidney homogenates were shown to be negative for IPNV.
Experimental procedure. Five experiments were performed to investigate whether Atlantic salmon develop Immunity to PD. In Expts 1 & 2, fish were exposed to both primary and challenge infections of the disease as fresh water parr. In Expt 3, fish were exposed to both a primary and a challenge infection of the disease as post-smolts in sea water. In Expts 4 & 5, fish were exposed to a primary infection of the disease as freshwater parr and to a challenge infection foilowing smolting and sea water transfer. Details of the experimental procedure are shown in Fig. 1 .
Freshwater parr (Expts 1 & 2). Mean fish weights and water temperatures at the start of each experiment were as follows: Expt 1, mean weight 37.6 f 5.5 (SD) g, temperature 20°C; Expt 2, mean weight 40.5 + 9.0 g , temperature 14 "C.
In Expt 1, for the primary infection, 500 fish (250 tank-') were injected intraperitoneally (i.p.) with positive kidney homogenate and 500 control fish (250 tank-') were injected with negative kidney homogenate at a protein concentration of 6 pg g-' body weight. In Expt 2, the number of fish in each group was 550 (275 tank-') injected at a protein concentration of 3 pg g-' body weight. Following injection of positive or negative kidney homogenate, samples of pyloric caeca and pancreas were taken and processed for histology at the following weeks post-infection: 0, 1, 2, 3, 4, 6, 8, 10, 13 and immediately prior to administration of the challenge. The number of fish sampled from each group at each tune interval was 15 fish for Expt 1 and l 0 fish for Expt 2.
To test for protective immunity, fish were administered a second injection of positive kidney homogenate at the same dose used for the primary infection, 3 mo following the primary infection. For the challenge, the water temperature was maintained at 14 'C. At challenge, the negative control group and the PD treated group of fish were each divided into 2 further groups of equal number (n = 160, Expt 1; n = 190, Expt 2). One of the groups of negative controls was injected with negative kidney homogenate and the other with positive kidney homogenate. Similarly, one of the groups of PD treated fish was injected with positive kidney homogenate and the other with negative kidney homogenate (Fig. 1 ). In addition, in Expt 2, a further control group was included of fish (n = 115) which were untreated for the primary infection but administered positive kidney homogenate at challenge.
Following challenge, samples of pyloric caeca and pancreas were taken and processed for histology from fish in each group at 1, 2, 3 and 6 wk post-challenge. The numbers of fish sampled are indicated in the results.
Post-smolts (Expt 3). Mean fish weight and water temperature at the start of the experiment were: weight 38.9 + 6.4 g , temperature 10 "C.
For the primary infection, 450 fish (450 tank-') were injected i.p. with positive kidney homogenate and 450 control fish (450 tank-') were injected with negative kidney homogenate. Due to the variability in transmitting PD in sea water (Raynard & Houghton 1993), a higher dose of 30 pg g-' body weight was administered.
Following injection of positive or negative kidney homogenate, samples of pyloric caeca and pancreas were taken and processed for histology at the following weeks post-infection: 0, 1, 2, 3, 4, 6 , 13 and irnrnediately prior to administration of the challenge. The number of fish sampled from each group at each time was 20.
Fish were challenged 4 mo following the primary infection with a dose of 10 pg g-' body weight and at a water temperature of 12 " C . At challenge, the negative controls and PD treated fish were each divided into 2 further groups of equal number (n = 120) and injected as described above for the parr (Fig. 1) .
Following challenge, samples of pyloric caeca and pancreas were taken and processed for histology from fish in each group at 1, 2, 3, 4, 8 and 16 wk postchallenge. The numbers of fish sampled are indicated in the results.
Parr-to-smolt transformation (Expts 4 & 5). Mean fish weights and temperatures at the start of each experiment were as follows: Expt 4, mean weight 11.5 f 2.3 g SD, temperature 14°C; Expt 5, mean weight 19.9 + 1.9 g SD, temperature 14 "C.
In Expt 4, for the primary infection 700 fish (350 tank-') were injected i.p. with positive kidney homogenate and 700 control fish (350 tank-') were injected with negative kidney homogenate at a protein concentration of 3 pg g-' body weight. In Expt 5, 1000 fish in each group (250 tank-') were injected at a protein concentration of 10 pg g-' body weight.
Following injection of positive or negative kidney homogenate, samples of pyloric caeca and pancreas were taken and processed for histology at the following weeks post-infection: 0, 1, 2, 3, 4, 6, 8, 10, 13 and immediately prior to challenge. The number of fish sampled from each group at each time was 10 fish for Expt 4 and 20 fish for Expt 5.
In these 2 experiments, parr were transferred to sea water after smolting. These fish were then challenged after acclimation and recommencement of feeding. For Expt 4, an equal number of negative controls (n = 560) and PD treated (n = 560) fish were transferred to sea water 8 mo following the primary infection and challenged 1 mo later with a dose of 10 pg g-' body weight and at a water temperature of 10°C. Prior to challenge, half of the fish were lost from each group due to a blockage of the sea water inlet pipe. At challenge, the negative controls and PD treated fish were divided into 2 further groups of equal number (n = 140) and challenged as described above. An additional group of fish (n = 65) were included which were untreated for the primary infection but administered positive kidney homogenate at challenge. Samples of pyloric caeca and pancreas were taken and processed for histology from fish in each group at 2, 3 and 6 wk post-challenge, the number of fish sampled being indicated in the results.
In Expt 5, an equal number of negative controls (n = 750) and PD treated fish (n = 750) were transferred to sea water 6 mo following the primary infection. Some mortalities occurred due to fish not recomrnencing feeding. Half of the fish were challenged after 1 mo and the other half after 3 mo in sea water, at a dose of 10 pg g-' body weight and a water temperature of 12°C. At challenge, the negative controls and PD treated fish were divided into 2 further groups of equal number (n = 180 for the 1 mo challenge; n = 155 for the 3 mo challenge), and challenged as described above. Samples of pyloric caeca and pancreas were taken from fish in each group at 1, 2, 3, 4 and 6 wk postchallenge for the 1 mo challenge and at 1, 2, 3 and 6 wk post-challenge for the 3 mo challenge. The numbers of fish sampled are indicated in the results.
All fish injected with negative kidney homogenate were kept in separate tanks from fish injected with positive kidney homogenate. Duplicate tanks were used in Expt 5.
Carrier status. In order to assess whether fish which have recovered from a primary infection and whether potentially immune fish were still infective and thus could act as carriers of the disease, kidney from each of the groups of fish (donors) in Expts 1, 3 & 5 were collected and tested for infectivity following challenge. Pyloric caeca and pancreas were also taken from these same fish for histology to assess pancreas pathology. In Expt 1, kidneys were taken from fish at 1 wk postchallenge, when non-immune fish are known to be highly infectious (Raynard & Houghton 1993). In Expts 3 & 5, to ensure that any absence of infectivity in immune fish was not due to a temporary suppression of the disease-causing agent, kidneys were taken at both l and 2 wk post-challenge. fidneys were taken from 15 fish in each group in Expts l & 3 and from 10 fish in each group in Expt 5, homogenised in PBS following the method of Raynard & Houghton (1993) and stored in liquid nitrogen. Homogenates of these kidneys were then injected i.p. into recipient salmon parr at a dose of Statistical analyses. Statistical analyses using the calculation were performed to test levels of significance.
RESULTS

Terminology
'Early PD': vacuolation and rounding of the acinar cells over the whole exocrine tissue. Absence of zymogen from many cells.
'Acute PD': total loss of the acinar cells of the exocrine pancreas.
'Chronic PD': total absence of acinar cells, fibrotic pancreas tissue. Failure to regenerate pancreas.
Freshwater parr
Following exposure to a primary infection of PD, pathology levels of up to 90 % occurred in the samples of fish which were examined (see Fig. 2a, b) . For Expt 1 (Fig. 2a) , where the temperature at the start of the ex- periment was relatively high (20°C), peak pathology occurred 1 wk after the administration of positive kidney homogenate, followed by a fairly rapid recovery of fish from the disease. Five percent of fish did not recover but developed chronic PD. In Expt 2 (Fig. 2b) where water temperatures at the start of the experiment were lower (15"C), peak pathology occurred later (Week 3) and recovery was less rapid. Furthermore, there was a higher percentage of fish (25%) in the infected group which did not recover, but developed chronic PD. Following exposure to a challenge infection of positive kidney homogenate, a high degree of protection was found in fish previously exposed to the disease (Table 1) . At 1 wk post-challenge, there was already an indication that the fish were protected, unlike fish which had not previously been exposed to the disease but which received a primary infection at the time of challenge. These fish showed signs of early PD pathology (40% of fish in Expt 1 and 48 % in Expt 2). At 2 and 3 wk post-challenge, fish previously exposed to the disease still showed a high level of protection which was significantly different (p < 0.001) from fish which had not been previously exposed to the disease and which had reached acute PD levels of up to 72%. In addition, a further group of fish was included for the repeat experiment which had received no primary treatment but which were injected with positive kidney material for the challenge. These fish reached acute PD levels of 92%. By 6 wk post-challenge, recovery from the disease was evident in the fish not having previously been exposed to the disease. Although some fish within the previously exposed group showed a chronic PD pathology, this was comparable with the group of fish which received a primary infection of PD but were injected with negative kidney material at the time of challenge, indicating they were non-recovered fish. As shown in Fig. 2a, b , at Week 13 following a primary infection there were still fish within each group showing non-recovery (5 %, Expt 1; 25 %, Expt 2). No mortalities due to PD occurred.
Following exposure to a primary infection, peak pathology was evident at Week 2 with up to 4 0 % of fish sampled having acute PD (Fig. 3) . This was followed by a full recovery from the disease.
Results shown in Table 2 indicate that fish which had previously been exposed to a n infection of PD and subsequently challenged showed a very high level of protection, with only 4 % of fish within this group demon- 
Parr-to-smolt transformation
Following exposure of salmon as freshwater parr to a primary infection of PD, the disease prevalence was up to 65 % in the samples of fish which were examined in Expts 4 & 5 (Fig. 4a, b) . For Expt 4 (Fig. 4a) , the temperature at the start of the expenment was 14°C but fell to 5 ' C , with peak pathology occurring 4 wk after administration of positive kidney homogenate. This was followed by a fairly slow recovery, with 20% of fish failing to recover and demonstrating a chronic PD at Week 13. In Expt 5 (Fig. 4b) , a temperature of 14 "C was maintained for the first 6 wk after infection. A peak prevalence of PD of 65 % occurred in Week 2 and 10 % of fish failed to recover, developing chronic PD at Week 13.
Following exposure to a challenge infection of positive kidney homogenate, a very high level of protection was shown to occur in fish previously exposed to the disease in both Expt 4 & 5 (Tables 3 & 4) . In Expt 4 (Table 3) , fish were challenged 9 mo after primary exposure, and 11 % of fish within this group showed PD pathology. This was comparable with the group of fish which received a primary infection of PD and negative kidney material at the time of challenge, indicating they were non-recovered fish having chronic PD. In the positive controls, up to 77 % of the fish showed PD pathology by 3 wk post-challenge, which was significantly different (p c 0.001) from the protected group. At the same time at which the post-smolts were challenged in sea water, non-smolted fish which were retained in fresh water were also exposed to a challenge infection of PD (Table 3) . A high level of protection was also seen within this group of fish, with only 12 % of the fish previously exposed to PD exhibiting pathology, comparable with a non-recovery level of 18%. This was significantly different (p < 0.001) from the positive control groups, in which up to 90 % of fish developed PD pathology by 2 wk post-challenge. Some mortalities occurred in the chronically infected S2 parr due to a Pseudornonas infection.
In Expt 5, where fish were challenged 7 mo after primary exposure to PD (Table 4 ) , only a maximum of 10% of fish within this group showed PD pathology. This was comparable with a level of 10% in the controls for the non-recovered, chronically diseased fish. In contrast, up to 63 % of fish in the positive controls showed PD pathology, with peak prevalence occurring at 3 wk post-challenge. This was significantly different (p c 0.001) from the protected group.
In the second group of fish from this population (Expt 5), which were challenged 9 mo after the primary infection of PD (Table 4) , a high level of protection occurred, with only 5 % of fish showing PD pathology comparable with the level of 5 % in the controls for the non-recovered, chronically diseased fish. In contrast, up to 66% of fish in the positive control group developed PD pathology, with peak prevalence occurring at 2 wk post-challenge. This was significantly different (p c 0.001) from the protected group. No mortalities due to PD occurred.
None of the fish injected with negative kidney homogenate showed any pancreas pathology, confirming the absence of PD and IPNV from the experimental site.
Carrier status
The results in Tables 5, 6 & 7 show that homogenates of kidneys taken from parr and postsmolts given a primary injection of positive kidney and shown to have recovered from the disease (with the exception of Expt 5 where 10% had become chronically infected) were not infective. Kidney homo- Table 4 . Salmo salar. Percentage of Atlantic salmon post-smolts with pancreas disease pathology at various weeks following exposure to a challenge infection 7 mo after a primary infection (1 mo after sea water transfer); temperature 13.5'C. Results in parentheses are for fish exposed to a challenge infection 9 mo after a primary infection (3 mo after sea water transfer); temperature 12OC. genates taken from parr and post-smolts given both pancreas pathology. This was comparable wlth posiprimary and challenge injections of positive kidney tive controls infected with a known PD-infectedhornogenate were also shown not to be infective. In kidney homogenate, where also up to 90% of fish contrast, the kidneys taken from fish receiving negadeveloped PD pathology. The peak pathology varied tive kidney homogenate for the primary injection and with each experiment depending on the temperapositive h d n e y homogenate at challenge were highly tures at which the experiments were performed (see infective, with up to 90% of recipient fish developing Tables 5, 6 & 7) . 
